A variety of cardiovascular diseases is accompanied by the loss of vascular contractility. This study sought to investigate the effects of curcumin, a natural polyphenolic compound present in turmeric, on mouse vascular contractility and the underlying mechanisms. After mice were administered curcumin (100 mg·kg -1 ·d -1
Introduction
Blood vessels, which are part of the circulatory system, are responsible for the transport of blood and delivery of essential nutrients to downstream tissues. The primary structural, muscular, and functional unit of a blood vessel is the medial wall, which is composed primarily of vascular smooth muscle (SM). Vascular SM provides a critical regulatory role in vessel relaxation and contraction to ensure adequate tissue blood flow and to maintain proper localized arterial blood pressures and perfusion of downstream tissues. Vascular dysfunction is the root cause of a variety of important disease processes, including hypertension, myocardial infarction, and atherosclerosis. The underlying pathophysiology of vascular dysfunction occurs in numerous forms and often involves vascular SM losing its contractile characteristics [1] [2] [3] . Recent studies also point to dysfunctional vascular SM as an underlying factor of cardiovascular disease, such as atherosclerosis and vascular aging [4, 5] . Logically, therapeutically targeting vascular SM for further discovery and potential therapeutic utility against cardiovascular disease is highly significant and essential. Vascular smooth muscle cells (VSMCs) are highly specialized cells that constitute basic structural and functional elements of vascular SM. By contracting and relaxing, they regulate lumen caliber and thus arterial and venous tone and vascular resistance, which enables vascular SM to control the distribution of blood flow throughout the body. However, VSMCs are also thought to play a major role in vascular dysfunction in a variety of disease states [6, 7] . Mature VSMCs are normally highly differentiated and characterized by the expression of a range of SM-specific contractile proteins, including SM α-actin, SM22α, and h1-calponin [8, 9] . A number of works have shown that the transcription of these muscle genes and almost all SM genes were regulated by myocardin [10] . Myocardin is a master regulator of VSMC differentiation that is found only in smooth and cardiac muscle and regulates gene expression by forming a higher order complex with serum response factor (SRF) [11] . Critical roles of myocardin in SM have been revealed in mice with global or conditional knockout of the myocardin gene. Mice with homozygous null mutations for myocardin die during early aortic development, and embryos fail to express SMC markers [12] . Mice with myocardin conditional mutations in SMCs also died at six months and exhibited deformation of the structure of the great arteries, along with increased dilation of the stomach, small intestine, bladder and ureters [13] . Forced expression of myocardin increases smooth muscle contractile proteins and contributes to the development of SM contractility [14] . Thus, myocardin could be a prime target for regulation of vascular contractility.
Curcumin is a natural polyphenolic compound present in turmeric and one of the most extensively studied natural products. Curcumin exerts a wide range of bioactivities implicated in anti-oxidant, anti-inflammatory, anti-carcinogenic and wound-healing effects [15] [16] [17] [18] [19] . It is renowned for its medical properties and as a cure for several types of diseases, including diabetes, cancers and cardiovascular diseases. Mounting evidence suggests that curcumin has vascular protective effects in cardiovascular disease [20, 21] . Our study found that curcumin increased vascular contractility in C57BL/6 mice. However, it remains unknown whether curcumin enhances contractility of blood vessels via upregulation of myocardin and its target genes. To test the hypothesis that curcumin improves vascular SM function via the induction of myocardin, we examined myocardin expression in vascular tissues from mice treated with curcumin and their contractility in vitro. The underlying mechanisms were further investigated using cultured VSMCs.
Materials and methods

Reagents and antibodies
Fetal bovine serum (FBS) and Dulbecco's minimum essential medium (DMEM) were purchased from Gibco (Grand Island, USA). KCl and phenylephrine (PE) were purchased from Sigma Aldrich (Sigma-Aldrich, USA). Jagged1 recombinant human protein was purchased from Thermo Fisher Scientific (Waltham, USA), and Human Caveolin-1 Adenovirus (AdCaveolin-1) from Vector BioLabs (Cat. No. 1364). Curcumin (purity >98%) was purchased from Sinopharm Chemical Reagent Co, Ltd (Shanghai, China). For use in cell culture, curcumin was dissolved in dimethyl sulfoxide (DMSO) to give a 50 mmol/L stock solution. The concentration of DMSO in the experimental solutions was less than 0.1%. Antibodies specific for SM α-actin, SM22α, myocardin, caveolin-1 and cleaved Notch1 (NICD) were purchased from Abcam (Cambridge, USA). β-actin and horseradish peroxidase-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, USA). Animals C57BL/6 male mice, 6-8 weeks of age, were purchased from Jingda Laboratory Animal Technology Co Ltd (Changsha, China). Male homozygous caveolin-1 knockout (caveolin-1 KO) mice with a C57BL/6 genetic background were purchased from the Jackson Laboratory (Stock No: 007083). All mice were acclimatized with 12 h dark-light cycles under a constant temperature (22±2 °C) and had free access to water and food. All experiments were carried out in accordance with the internationally accepted guide for the care and use of laboratory animals and were approved by the Animal Ethics Committee of Hunan University of Chinese Medicine. One set of mice was fed with curcumin. The curcumin was dissolved in ethanol and administered to the mice via gavages of 100 mg/kg body weight/day for 6 weeks. An equivalent amount of ethanol was used for the control group.
Cells
Human VSMCs were purchased from Cell Bank of Chinese Academy of Sciences in Shanghai. Cells were grown in high glucose DMEM medium with supplements (10% FBS, 100 U/mL penicillin G, 100 µg/mL streptomycin, and 2 mmol/L glutamine). According to the IC 50 value of VSMCs determined previously by us, curcumin was applied at an end concentration of 10-50 μmol/L for all assays. For controls, the carrier (DMSO) diluted accordingly to the curcumin working solutions was applied to the cells.
RNA interference studies RNA interference was based on the pGreenPuro system (Addgene, USA) expressing small-hairpin RNA (shRNA). pGreenpuro-caveolin-1-shRNA and pGreenPuro-vector constructs, encoding shRNA for caveolin-1 or a negative control (vector), were prepared by inserting the target sequence into pGreenPuro. The shRNA oligonucleotide was designed with 19 bases in the sense strand (5'-ACCAGAAGGGACACACAGT-3') and the antisense strand (5'-ACTGTGTGTCCCTTCTGGT-3'), which targeted region nt 424-442 of the caveolin-1 coding sequence, separated by a hairpin loop (TTCAAGAGA). The ligation products were transformed into E coli, clones with the shRNA insert were selected and amplified, the plasmid DNA was isolated, and selected reconstructed plasmids for transfection were purified with a plasmid purification mini kit (ComWin Biotech Co, Ltd, China). For transfection, VSMCs were seeded in 6-well plates at 1×10 6 cells/well and allowed to grow overnight to 80%-90% confluency. They were transfected with a mixture of 2 µg plasmid DNA and 10 µL lipofectamine 2000 (Invitrogen, USA) in 2 mL serum-free medium. At 6 h after transfection, 500 µL FBS/well was added. At 26 h after transfection, the medium was replaced by normal medium containing 10% FBS and antibiotics. VSMCs transfected with caveolin-1 shRNA or the control vector were Crude lysates were centrifuged at 13000×g for 10 min at 4 °C. Protein concentrations in the supernatants were determined by a BCA protein assay kit according to the manufacturer's instructions, and the samples were stored at -80 °C. For vascular tissues, three mice from each group were used for the Western blotting. All vascular tissues were collected and stored in liquid nitrogen for protein extraction. Liquid nitrogen-frozen tissues were cut into pieces, homogenized in lysis buffer, and left on ice for 30 min. After centrifugation, protein concentrations were determined with the BCA assay. The Western blot analysis procedures were performed as described elsewhere. Equal amounts of protein from each lysate were mixed with loading buffer at 95°C for 5 min to denature the protein. Proteins were separated by SDS-PAGE and electro-transferred to polyvinylidene difluoride membranes. Nonspecific antigens were blocked by incubation at room temperature for 2 h with 5% nonfat milk in TBST (20 mmol/L Tris-HCl pH 7.6, 136 mmol/L NaCl, and 0.1% Tween-20). The membranes were probed for 1.5 h or overnight with the following primary antibodies: SM α-actin, SM22α, myocardin, NICD, caveolin-1, and β-actin. After five washes in TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 1.5 h at room temperature. The membranes were washed five times in TBST, and the protein was detected by using the ECL reagent (Beyotime, China). Emitted light was quantified using the AlphaImager gel documentation systems (formerly Alpha Innotech), and signal intensities were normalized to β-actin using Quantity One software (Bio-Rad Laboratories).
Adenovirus infection
For in vivo adenovirus infection, mice were injected with 10 9 PFU of Ad-caveolin-1 via the tail vein once every 7 d. For cell adenovirus infection, VSMCs were grown in 6-well plates at a density of 2×10 5 cells/well. After 24 h, cells were incubated in a low FBS medium (2%) in the presence of the Ad-caveolin-1 virus (100 MOI) for 6 h, then returned to a 10% FBS medium. On the fourth day post infection, the caveolin-1 levels were determined by Western blot.
Vascular tissue myography
The mice were sacrificed by cervical dislocation for vascular tissue collection. Thoracic aortas were excised from the mice and transferred into a dish containing cold PBS. Periaortic fibroadipose tissues were carefully removed under surgical microscopy. The aortas were cut into 2 mm length rings, and endothelium was removed by gently rubbing the intimal surface of the vessels. The aortic rings were mounted horizontally in the 5 mL wire myograph chamber of a Multi Wire Myograph System (Danish Myo Technology, Skejbyparken, Denmark), maintained at 37°C in PSS solution (114 mmol/L NaCl, 4.7 mmol/L KCl, 0.8 mmol/L KH 2 PO 4 , 1.2 mmol/L MgCl 2 , 11 mmol/L D-glucose, 25 mmol/L NaHCO 3 , and 2.5 mmol/L CaCl 2 , pH 7.4), and gassed with a 95% O 2 -5% CO 2 mixture at a resting tension of 1 g (9.8 mN). Two tungsten wires (25 μm in diameter) were guided through the lumen of each ring segment. Vascular tissues were allowed to equilibrate for 60 min before the experiments were carried out. Isometric tension was recorded using MyoDaq/MyoData 2.1 software (Danish Myo Technology). One set of the aortic rings was then cultured in DMEM medium with or without addition of curcumin for 4 d, and KCl (50 mmol/L)-and PE (1 μmol/L)-induced contractile responses were measured by the tissue myograph system after culture.
Statistical analysis
Data are presented as either representative recordings or mean±SEM. The number of replicates (n) represents the number of independent assays. Differences were evaluated using Student's t-test or one-way ANOVA. P<0.05 was considered statistically significant.
Results
Curcumin increased vascular contractility
To determine whether curcumin affects vascular contractility, C57BL/6 mice received curcumin (100 mg/kg) daily for 6 weeks by gavage. Thoracic aortas were excised from the mice and cut into rings (approximately 2 mm in length). We examined the contractile responses of the aortic rings to membrane depolarization with KCl (50 mmol/L) and α1-adrenoceptor activation by PE (1 μmol/L). The results showed that administration of curcumin exhibited a significantly increased (P<0.05) vascular contractility ( Figure 1 ).
The contractility of vascular smooth muscle (SM) was enhanced after exposure to curcumin We then observed the effects of curcumin on the regulation of vascular SM functions. Thoracic aortas were removed from the mice and dissected, as previously described. The endothelium was removed by gently rubbing the intimal surface of the vessels. Contractile responses of the vascular tissues were examined by the tissue myograph system and then cultured in DMEM medium with or without the addition of curcumin (25 µmol/L) in a 5% CO 2 incubator at 37 °C for 4 d. After culture, the contractile responses of the vascular tissues to KCl and PE were examined again by the myograph system. We also detected the expression of contractile protein in vascular tissues after exposure to curcumin. Our results showed that the contractile responses of vascular tissues to KCl and PE were conserved after 4 d incubation with vehicle ( Figure 2A) . However, after treatment with curcumin for 4 d, the vascular tissues exhibited an enhanced contractile response to KCl and PE ( Figure 2B) , and the expression of contractile proteins SM α-actin and SM22α were increased ( Figure 2E ). 
Curcumin upregulated expression of myocardin by repressing Notch1 activation
It has been demonstrated that notch signaling represses myocardin-induced VSMC differentiation. Binding of ligand Jagged1 to the Notch1 receptor releases NICD (Notch1 intracellular domain) to the nucleus, which inhibits myocardindependent transcription of SM-restricted genes [22] . To identify whether curcumin-induced myocardin expression depends on the inhibition of Notch1 activity, we pretreated VMSCs with 2 μg/mL of Jagged1 to activate Notch1 signaling, followed by incubation with or without curcumin (25 µmol/L) for 24 h. We found that curcumin decreased the generation of NICD ( Figure 5A ) and upregulated the expression of myocardin ( Figure 5B ). However, curcumin-induced expression of myo- cardin was abrogated by Jagged1, and exogenous Jagged1 significantly inhibited the expression of myocardin ( Figure 5B ). These results suggest that curcumin enhances the expression of myocardin by repressing Notch1 activation.
Repression of Notch1 by curcumin was caveolin-1 dependent
Our previous study demonstrated that curcumin regulated intracellular cholesterol content via induction of caveolin-1 expression [23] . In this study, we determined if caveolin-1 plays a role in the regulation of vascular contractility. Male homozygous caveolin-1 knockout (caveolin-1 KO) mice with a C57/ BL6 genetic background, C57/BL6 mice injected with adenovirus encoding caveolin-1 (Ad-caveolin-1), and age-matched C57/BL6 wild-type (WT) mice were used in this experiment. The contractile responses of aortic rings removed from 6-week-old mice (caveolin-1 KO, Ad-caveolin-1 and WT) were examined using a tissue myograph system. VSMCs stably expressing caveolin-1-shRNA and VSMCs infected with Adcaveolin-1 were used in this experiment to observe the effects of caveolin-1 on the expression of myocardin and contractile proteins. Our results showed that the contractility of aortic rings from caveolin-1 KO mice declined by approximately 20% compared to those from wild-type mice but increased in Ad-caveolin-1 mice ( Figure 6B, C and D) . In cultured VSMCs, infection of adenovirus encoding caveolin-1 markedly increased the expression of myocardin, SM α-actin and SM22α ( Figure 6G ). To determine whether caveolin-1 is involved in curcumin-enhanced SM contractility, the contractile responses of caveolin-1 KO mouse aortic rings to KCl and PE were examined, and the activity of Notch1 in wild-type, caveolin-1 overexpressed and knocked-down (caveolin-1-shRNA) VSMCs was analyzed by Western blot after curcumin (25 µmol/L) www.nature.com/aps Sun SW et al Acta Pharmacologica Sinica treatment. As shown in Fig. 6 , curcumin increased the contractile responses of WT mice but had little effect on caveolin-1 KO mice ( Figure 6H and I). Western blot revealed that curcumin inhibited the expression of NICD in normal VSMCs and the inhibitory effect of curcumin on Notch1 was less or disappeared in caveolin-1-shRNA VSMCs, while in Adcaveolin-1 VSMCs, overexpression of caveolin-1 enhanced the inhibitory effect on Notch1 ( Figure 6L ). These results suggest that caveolin-1 plays a role in the regulation of vascular contractility and contributes to curcumin-mediated NICD down-regulation.
Discussion
Turmeric is commonly used as a food additive to enhance the taste and flavor of food. It has medicinal uses because of the discovered therapeutic effects [24, 25] . Curcumin, a natural polyphenolic compound present in turmeric, is considered one of the active ingredients that contributes to the health function of turmeric and has been extensively investigated for its chemopreventive potential [26, 27] . The putative mechanisms of action for curcumin are numerous, among which are its antiinflammatory, antiproliferative, antiangiogenic, proapoptotic and immune-modulatory properties [28] [29] [30] . In addition, mounting evidence suggests that curcumin has vascular protective effects in aging animals and humans. In this study, curcumin was found to be effective in regulating vascular contractility.
Vascular contractility depends on vascular SM function. It is well known that contractility of vascular SM is critical in the regulation of the lumenal diameter of the resistance vessels, thereby contributing significantly to setting the level of blood pressure and blood flow to vascular beds. SM contractility can be regulated by various signaling pathways [31] [32] [33] [34] . We harvested thoracic aortas from C57BL/6 mice, treated them with curcumin to determine the effects of curcumin on SM contractility, and found that the contractility of vascular SM was enhanced after incubation with curcumin and the expression of contractile proteins in vascular tissues was increased. VSMCs are highly specialized cells that constitute basic structural and functional elements in vascular SM. By contracting and relaxing, they alter the tension of vascular smooth muscle, enabling vascular SM to maintain an appropriate blood pressure. Mature VSMCs are characterized by the expression of a range of SM-specific contractile proteins, such as SM α-actin, SM22α, and h1-calponin. The findings of the present study well demonstrate that the expression of contractile proteins, SM α-actin and SM22α was dramatically increased by curcumin in VSMCs. It has been known that most SM contractile genes, such as SM α-actin and SM22α, are controlled by myocardin. Myocardin was reported to be a key regulator of cardiac and SM differentiation, forming a ternary complex with SRF on a sequence known as a CarG box, and specifically induces the expression of smooth and cardiac muscle-specific genes. In VSMCs, the level of myocardin is abundantly expressed along with key SM-restricted genes and decreases in parallel with the loss or attenuation of SM marker expression. Although the importance of myocardin in SM development is firmly established, the regulatory mechanism of myocardin is not well understood.
Multiple signaling pathways are expected to modulate myocardin, such as Nkx2.5 and Notch1 [22, [35] [36] [37] . In the present study, we found that curcumin induced the expression of contractile proteins, as well as myocardin, in a concentration-and time-dependent manner in VSMCs. So far, there is no direct evidence for the role of curcumin in the regulation of Nkx2.5, Notch1 or myocardin. Critically, it was demonstrated that caveolin-1 was involved in the regulation of Notch1 activation [38] , and our previous study showed that curcumin upregulated the expression of caveolin-1 in VSMCs [23] . It is possible that caveolin-1 mediates the effect of curcumin on myocardin expression by the regulation of notch signaling. The Notch signaling pathway is a highly conserved cell signaling system present in most multicellular organisms. Mammals possess four different notch receptors, referred to as Notch1-4. The constitutive expression of the Notch family has been reported in a variety of tissues, such as vascular endothelial and smooth muscle cells. Notch1 belongs to a family of transmembrane receptors that regulate fate decisions and differentiation during normal development [39] . Binding of the ligand Jagged1 to the extracellular domain of Notch1 induces proteolytic cleavage and release of the intracellular domain NICD, which translocates to the nucleus and forms complexes with specific DNA-binding proteins and transcriptionally regulates target genes [40] . It was reported that Notch1 signaling repressed myocardin-induced SM-specific contractile proteins expression [22] . In our experiments, curcumin-induced expression of myocardin was abrogated by Jagged1, and exogenous Jagged1 significantly inhibited the expression of myocardin. These results suggest that curcumin upregulates the expression of myocardin by repressing Notch1 activation.
Caveolin-1 is an anchoring protein in the plasma membrane of most animal cells that interacts with several signaling mechanisms and participates in many important physiological processes, including the ability to regulate blood vessel function [41] [42] [43] [44] . One of the most important functions of caveolin-1 is to promote the formation of caveolae, a special type of lipid raft, on the surface of VSMCs [45, 46] . A number of signaling molecules and enzymes are located in the caveolae/ raft including γ-secretase [47] , which is required for the cleavage and activation of Notch1 [48] . γ-Secretase activity has been reported to be enriched in caveolae/raft microdomains [49] , but the proteolytic cleavage of Notch1 occurs primarily in non-raft membranes [50] . It is highly conceivable that caveolin-1 could intensify the spatial segregation of γ-secretase imposed by caveolae/raft membrane domains and inhibit its switching to non-raft membranes where Notch1 becomes easily accessible to this protease. To determine whether caveolin-1 mediates the effects of curcumin on Notch1 activation, we analyzed the expression of NICD, an activated form of Notch1, in caveolin-1-overexpressed and knocked-down VSMCs after treatment with curcumin. Our experiments showed that curcumin inhibited the expression of NICD in normal VSMCs but had no effect in caveolin-1 knocked-down VSMCs, while overexpression of caveolin-1 enhanced the inhibitory effect of cur- cumin on NICD. We also observed the effect of caveolin-1 on vascular contractility and found that mice with homozygous null mutations for caveolin-1 showed an impaired vascular contractility, and Ad-caveolin-1 mice exhibited an enhanced contractility. These results suggest that caveolin-1 critically contributes to regulate SM contractility by mediating the effect of curcumin on Notch1 activity. In summary, we identified a previously unknown role for curcumin as a regulator of the vascular contractile response by inducing myocardin, which increases contractile protein expression and vascular contractility. Curcumin upregulated the expression of myocardin via a variety of mechanisms, including caveolin-1-mediated inhibition of Notch1 activation and Notch1-mediated repression of myocardin expression. This study extends our understanding of the role of curcumin in vascular protection and may represent a new approach for the treatment of vascular diseases.
